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Mysteries that still remainI continue to be awestruck by the investment the frogmakes in the
antimicrobial peptide arsenal of its skin. No other animal is known to
store a comparable concentration of processed antimicrobial peptide
within its skin or any other organ. The presence of these peptides
within the epidermis provides the animal with defense against skin
infection. Antimicrobial peptides of frog skin are synthesized by
granular glands, neuroendocrine structures that are adrenergically
innervated. Both injury to the skin and systemic stress will induce
these glands to discharge their contents, which consist of ellipsoid
shaped membrane enclosed vesicles. In Xenopus laevis, these vesicles
contain at least a dozen different antimicrobial peptides, several
neuropeptides including cholecystokinin, and proteins that can
assemble into a sticky, surface adherent hydrophobic gel. Upon
discharge onto the skin surface, the vesicles of the granular gland
swell osmotically in the hypotonic environment of fresh water and
rupture, forming a visible hydrophobic gel that clings to animal's skin
at the site of discharge. Dispersed within the gel are high concentra-
tions of antimicrobial peptides, together encompassing a very broad
anti-infective spectrum, including bacteria, fungi, viruses, and proto-
zoa. The “salve” covers the wound as it heals and protects it from
water-borne infection. Each species of frog produces antimicrobial
peptides that share little or no sequence homology with comparable
peptides from even closely related species. We suspect that this
diversity has evolved in response to the distinctive microbial diversity
each frog species encounters in its ecological niche. As outlined by
contributors to this special issue of Biochimica et Biophysica Acta
devoted to Amphibian Peptides, which highlights many exciting
recent discoveries within this ﬁeld, there is a great deal known about
the mechanisms by which these peptides kill microbes, and
considerable effort has been expended to utilize this information to
develop new classes of anti-infective therapeutics.
The existence of broad spectrum antimicrobial peptides in frog
skin suggested that comparable substances could be found in the
epithelia of other vertebrates including mammals, and man [1].
Indeed, we now know that epithelial surfaces of animals are
universally protected by the constitutive and induced expression of
collections of antimicrobial peptides and proteins [2]. The particular
peptides and proteins produced on speciﬁc epithelial surfaces often
differ between animal species, as do the circuits that regulate their
expression, and the cellular equipment used to deploy them. Great
progress has been made in our understanding of how antimicrobial
peptides contribute to human health and how they fail in certain
diseases.
What remains for me a deep mystery to this day are the innate
defenses that protect the amphibian at the stages of its development
before which the antimicrobial peptides expressed in skin appear. The
granular gland is an “adult” structure that ﬁrst appears in the late
stage tadpole as it begins to undergo metamorphosis. As a rule, the
skin of “young” tadpoles contains neither granular glands nor the0005-2736/$ – see front matter © 2009 Published by Elsevier B.V.
doi:10.1016/j.bbamem.2009.04.011peptides that can be readily isolated from the skin of the adult. How
does the tadpole defend its skin from injury?
During my laboratory's initial studies of the peptides in Xenopus
skin it became clear that the innate immune defenses of skin that
functioned in the pre-metamorphosed frog were distinctly different
from that which we had described in the mature animal. We
discovered that the magainin peptides of Xenopus laevis, initially
isolated from adult frogs, could not be detected in the tadpole [3].
They appeared during metamorphosis as components of the granular
gland, and of a similar large granule-ﬁlled cell we discovered in the
gastrointestinal tract [4]. If we delayed metamorphosis by adminis-
tering a substance that interfered with the synthesis of thyroid
hormone, we delayed the appearance of both epidermal granular
glands and antimicrobial peptides [3]. Xenopus laevis spends only a
short time as a tadpole. We wondered whether a frog species that
persisted as a tadpole for a longer period might have acquired a
“tadpole speciﬁc” set of antimicrobial defenses. We studied Rana
catesbiana, which lives as a tadpole for up to two years. These studies
led to the discovery of ranalexin [5], a cysteine-bridged peptide, of the
class reported at about the same time in other Rana species by
Simmaco et al. [6], and Morikawa et al. [7]. However, as we had
discovered in Xenopus, ranalexin was produced in an epidermal
granular gland. It could be recovered from older, more mature
tadpoles, but not from those closer to hatching. As the Rana catesbiana
tadpole grows closer to becoming a frog, epidermal granular glands
and their gene products increase in density within the skin. In other
words, within the more developmentally advanced tadpole, “adult”
epidermal elements had begun to appear, as part of a longer, more
drawn out program of metamorphosis than occurs in Xenopus. The
mystery of the nature of the skin defenses that operate in the juvenile
tadpole before the appearance of the granular gland has remained
unsolved.
We had become quite expert in the isolation of antimicrobial
agents from animal tissues. Despite our experimental experience we
could never recover a reproducible antimicrobial activity from
homogenates of the Xenopus tadpole. We hypothesized that, like
Drosophila, the antimicrobial defenses of the Xenopus tadpole might
require a provocation, such as injury, exposure tomicrobes, or both. To
explore this possibility we amputated the tails of early stage tadpoles,
and introduced the wounded animals into baths containing great
numbers of different species of Gram negative and Gram positive
bacteria, along with fungi. At various times after exposure the animals
were harvested and the whole animals subjected to our routine
extraction procedures. We were unable to identify the presence of a
low molecular weight antimicrobial substance during these studies,
either from healthy tadpoles, or from individuals subjected to
microbial exposure and injury. Perhaps most surprising was the
remarkable resilience of these injured tadpoles. Despite having had
their tails severed, and then placed in a tank with sufﬁcient numbers
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visible turbidity, most of these animals survived under these
conditions for several days.
Failing to identify inducible antimicrobial peptides within the skin
of the tadpole, we wondered if the animal was capable of mounting a
systemic defense against infection. In our search for the presence of a
possible systemic antimicrobial substance, we collected blood from
infected and unexposed tadpoles and spotted the ﬂuid onto freshly
seeded bacterial lawns cultivated on agarose, assaying for the
presence of an antibacterial activity. The presence of an antibacterial
activity would be detected by a zone of inhibition within the bacterial
lawn in direct contact with the drop of ﬂuid placed on its surface.
Surprisingly whole blood collected from healthy tadpoles exhibited
strong activity against several species of Gramnegative bacteria, when
assayed by the spotting procedure. Blood collected from injured
animals exposed to bacteria displayed antimicrobial activity compar-
able to healthy controls. Fractionation of the blood into plasma and
cellular components demonstrated that the activity partitioned with
the cellular fraction, and speciﬁcally with the red cells of the tadpole.
The red cells of the amphibian contain hemoglobin and histones, the
latter proteins packaged within the condensed and “inactive” nucleus
retained by these cells. Proteolytic fragments of hemoglobin have
been shown to exhibit antimicrobial activity in vitro [8]. Histones and
histone proteolytic fragments have been recovered from the skin of
both ﬁsh and frogs and likely provide antimicrobial defense in these
contexts [9]. We were left with the impression, unproven to this day,
that circulating nucleated red cells carrying hemoglobin and histones
to the site of vascular injury might be involved in systemic
antimicrobial defense in the tadpole.
But what about the fertilized egg deposited into a pond or lake?
What are the antimicrobial defenses that protect the developing frog
embryo, prior to its emergence as a free swimming tadpole?
Considering the diversity of microbes and viruses that must bepresent in a pond or lake where these embryos develop, and
considering that all amphibia and ﬁsh have adopted this extracorpor-
eal method of embryo rearing, the innate immune systems operating
must be remarkably robust and reliable. They remain a mystery. What
a joy it would be to know what they were.
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